
RHIC/LHC
Complementarity

Jörn Putschke
(Wayne State University) 



2000

2002

2004

2006

2008

2010

2012

2014

2022

experimental techniques
developed

  5 suppression in hadron 

Full jet reconstruction 
measurements and comparison
to theory over a wide range of 
collision and jet energies

Precision RHIC data 
are essential

Important experimental and theoretical developments
Increasing precision
 of key observable

2000

2002

2004

2006

2008

2010

2012

2014

vn

Ridge and Mach-Cone structure
consistently explained by  
(initial state fluctuations)

  R  AA

LHC data: Increase of charged
hadron        at high momentum;
full jet measurements

  R  AA

Away-side disappearance 

d+Au “Null-Experiment”:
Jet-quenching unambiguously
a final-state/QGP effect

Strong modification of an 
away-side jet: “Mach-Cone” ? 

Near-side modification:
“The Ridge”

Feasibility measurements/studies
of full jet reconstruction at RHIC

Modification in jet fragmentation/
jet structures at the LHC (QM12)
suggests radiative energy loss
picture at high jet energies 

1 10 100

No direct photon suppression

Momentum transport 
parameter   [GeV2/fm]

0

0.1

0.2 d+Au FTPC-Au 0-20%
d+Au min. bias

0

0.1

0.2 p+p min. bias
Au+Au central

1/
N

tri
gg

er
 d

N
/d

(6
q)

6q (radians)0 //2 /

 h++h-

 = ln(1/z)
0 1 2 3 4 5

Pb
Pb

/p
p

0

0.5

1

1.5

2

2.5

3
CMS Preliminary -1b+ = 140 IntL

  > 100GeV/c
T

Jet p

2010, 0-30%,  Leading jet
2011, 0-10%,  Inclusive jet

Strong coupling limit, radiative E-loss
Perturbative, radiative E-loss
Strong coupling AdS/CFT, rad. E-loss
Perturbative, radiative+collisional E-loss
Gluon fields, high twist radiative E-loss
Hard thermal loops, radiative E-loss

x 

 Ten-fold reduction in the 
 uncertainty

W
eak coupling regim

e

Strong coupling regim
e

2022

0.1

1.0

10.0

0 5 10 15 20
pT [GeV/c]

R
AA

photons
light quarks( 0)

heavy quarks(n.p.e)

central Au+Au at sNN = 200 GeV 

R
H

IC
 B

ES
-II

 a
nd

 d
et

ec
to

r
up

gr
ad

es
 re

qu
ire

d 
to

•
• 
•

• 

 characterize quasi particle 
  nature over a wide range 
  in jet energy 
 constrain importance of 
 collisional vs. radiative 
 energy loss; QCD analog 
 to QED energy loss 

 reduce    uncertainties  
 determine   (T) dependence

1 10 100

RHIC White Paper: 
“Hot and Dense QCD Matter”

Used as a 
guideline
...



2000

2002

2004

2006

2008

2010

2012

2014

2022

experimental techniques
developed

  5 suppression in hadron 

Full jet reconstruction 
measurements and comparison
to theory over a wide range of 
collision and jet energies

Precision RHIC data 
are essential

Important experimental and theoretical developments
Increasing precision
 of key observable

2000

2002

2004

2006

2008

2010

2012

2014

vn

Ridge and Mach-Cone structure
consistently explained by  
(initial state fluctuations)

  R  AA

LHC data: Increase of charged
hadron        at high momentum;
full jet measurements

  R  AA

Away-side disappearance 

d+Au “Null-Experiment”:
Jet-quenching unambiguously
a final-state/QGP effect

Strong modification of an 
away-side jet: “Mach-Cone” ? 

Near-side modification:
“The Ridge”

Feasibility measurements/studies
of full jet reconstruction at RHIC

Modification in jet fragmentation/
jet structures at the LHC (QM12)
suggests radiative energy loss
picture at high jet energies 

1 10 100

No direct photon suppression

Momentum transport 
parameter   [GeV2/fm]

0

0.1

0.2 d+Au FTPC-Au 0-20%
d+Au min. bias

0

0.1

0.2 p+p min. bias
Au+Au central

1/
N

tri
gg

er
 d

N
/d

(6
q)

6q (radians)0 //2 /

 h++h-

 = ln(1/z)
0 1 2 3 4 5

Pb
Pb

/p
p

0

0.5

1

1.5

2

2.5

3
CMS Preliminary -1b+ = 140 IntL

  > 100GeV/c
T

Jet p

2010, 0-30%,  Leading jet
2011, 0-10%,  Inclusive jet

Strong coupling limit, radiative E-loss
Perturbative, radiative E-loss
Strong coupling AdS/CFT, rad. E-loss
Perturbative, radiative+collisional E-loss
Gluon fields, high twist radiative E-loss
Hard thermal loops, radiative E-loss

x 

 Ten-fold reduction in the 
 uncertainty

W
eak coupling regim

e

Strong coupling regim
e

2022

0.1

1.0

10.0

0 5 10 15 20
pT [GeV/c]

R
AA

photons
light quarks( 0)

heavy quarks(n.p.e)

central Au+Au at sNN = 200 GeV 

R
H

IC
 B

ES
-II

 a
nd

 d
et

ec
to

r
up

gr
ad

es
 re

qu
ire

d 
to

•
• 
•

• 

 characterize quasi particle 
  nature over a wide range 
  in jet energy 
 constrain importance of 
 collisional vs. radiative 
 energy loss; QCD analog 
 to QED energy loss 

 reduce    uncertainties  
 determine   (T) dependence

1 10 100

• RHIC/LHC “Landscape”

• RHIC/LHC Consistency?
   Where does the lost energy goes?

• RHIC/LHC Complementarity

RHIC White Paper: 
“Hot and Dense QCD Matter”

Used as a 
guideline
...



Joern Putschke, Wayne State University, RBRC WS April 2013 3

RHIC and LHC “Landscape”

The QGP at the LHC:

• fireball hotter (~20%) and denser 
(~x2) and longer lifetime wrt RHIC

• bulk dynamics, vn(pT), similar at
RHIC and LHC, mainly driven by
initial state “geometry”

Anti-kT R=0.4

Huge increase in yield of 
hard probes/jet production!
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The issue: Background in HI collisions
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Full jet reconstruction in HI collisions is a challenge due to the underlying background
- Overall background pedestal
- Region-to-region background fluctuations and vn contributions 
- Multiple independent hard scattering in HI collisions

Different contributions depending on coincidence vs. inclusive measurements!

Gunther Roland Wayne State August 20125

Underlying Event Subtraction (CMS)

η

φ

1. <ET> calculated in strips of η. Subtract 
<ET> + σ

η

φ

2. Run anti-kT algorithm on background-
subtracted towers

η

φ

3. Exclude reconstructed jets
and re-estimate background

η

φ

4. Re-run anti-kT algorithm to 
get final jets

For details see:
•CMS, arXiv:1102.1957
•Kodolova et al., 
      EPJC 50 (2007) 117

Remark: I will not talk about this in detail, a comprehensive summary concerning the different approaches currently used can be found
in a talk by G. Roland: https://indico.cern.ch/getFile.py/access?contribId=3&sessionId=0&resId=0&materialId=slides&confId=198761

https://indico.cern.ch/getFile.py/access?contribId=3&sessionId=0&resId=0&materialId=slides&confId=198761
https://indico.cern.ch/getFile.py/access?contribId=3&sessionId=0&resId=0&materialId=slides&confId=198761
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LHC and RHIC RAA
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First Results from Pb+Pb collisions at the LHC 13
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Fig. 7: Nuclear modification factor RAA as a function of pT for a variety of particle species together with theoret-
ical predictions. Experimental error bars correspond to the total error (statistical and systematic errors added in
quadrature). a) Low momentum region pT < 20 GeV; b) Entire momentum range measured at LHC. The curves
show the results of various QCD-based models of parton energy loss [124, 125, 126, 127, 128]. For details, see
text.

the decay of bottom quarks, closed diamond) in Fig. 7, are almost as strongly suppressed as inclusive
charged particles. A similar conclusion can be drawn from the measurement of leptons from heavy
flavour decays [115]. This seems contrary to the expectation that gluons, which are the dominant source
of inclusive charged particles at LHC, should suffer twice as much energy loss as light quarks and that, in
addition, the energy loss of heavy quarks should be even less than that of light quarks because of the mass
dependence of radiation (“dead-cone” effect [109]). The strong suppression found for hadrons containing
c- and b-quarks confirms observations made at RHIC and may indicate that the energy loss rate depends
less strongly on the parton mass than expected for radiative energy loss. Reasons for this behaviour
could be nonperturbatively large elastic energy loss in the strongly coupled quark-gluon plasma or heavy
meson formation within the medium [124]. More data and a quantitative comparison with models will be
required to see how the small, with current statistics not very significant, difference between light hadron
and heavy quark suppression can be accommodated by theory.

Above pT ⇡ 8 GeV/c, the suppression becomes universal for all particle species (with the possible ex-
ception of the non-prompt J/yoriginating from B-meson decays shown in the left panel). With increasing
pT , RAA rises gradually towards a value of 0.5 (see right panel), a feature which was not readily apparent
in the RHIC data. Isolated photons and the Z boson are not suppressed, within the currently still large
statistical errors. This finding is consistent with the hypothesis that the suppression observed for hadrons
is due to final-state interactions with the hot medium.

The observed rise of RAA with pT allows a better discrimination between competing models of energy
loss than the rather flat high pT dependence observed at RHIC. The rise can be understood as a decrease
of the parton fractional energy loss with increasing pT , reflecting the weak energy dependence of pQCD
radiative energy loss on parton energy. At RHIC this trend is compensated by the softening of the
underlying parton spectrum, whereas at LHC the spectrum stays hard up to the highest measured pT
which remains much farther away from the kinematic threshold than at RHIC.

The observed trend is semi-quantitatively described by several models implementing the perturbative
QCD (pQCD) formalism for energy loss [124, 125, 126, 127, 128]. The rate of induced gluon radiation
in pQCD is governed by the rate of transverse momentum broadening, encoded in the jet quenching

RAA rising as function of pT; constant for pT>50 GeV?
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Jet RAA/RCP at the LHC

6

No significant pT and R dependence of RCP for pT>100 GeV
RCPJet~ RAA ~ 0.5 (>50 GeV)
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Consistency of jet RCP results

22

• Experiments agree (barely) within systematic uncertainties
• Flat (ATLAS, CMS) vs rising RCP is important
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Jet RAA/RCP at the LHC

6

No significant pT and R dependence of RCP for pT>100 GeV
RHIC: Jet RAA less suppressed than hadrons!
Caveat: Large systematic uncertainties

RCPJet~ RAA ~ 0.5 (>50 GeV)
Gunther Roland Wayne State August 2012

Consistency of jet RCP results

22

• Experiments agree (barely) within systematic uncertainties
• Flat (ATLAS, CMS) vs rising RCP is important
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Di-jet asymmetry/imbalance as function of leading jet pT

7

3.3 The dependence of dijet momentum imbalance on the pT of the leading jet 9
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Figure 4: Dijet asymmetry ratio, AJ , in bins of leading jet transverse momentum from 120
< pT,1 < 150 GeV/c to pT,1 > 300 GeV/c for subleading jets of pT,2 > 30 GeV/c and Df1,2 > 2p/3
between leading and subleading jets. Results for 0–20% central PbPb events are shown as
points, while the histogram shows the results for PYTHIA dijets embedded into HYDJET PbPb
simulated events. The error bars represent the statistical uncertainties.
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Di-jet asymmetry/imbalance as function of leading jet pT

7

Di-Jet imbalance decreasing with increasing jet energy!
“Can be explained in terms of essentially known physics, i.e. the increased collimation of jets 
due to kinematics and a transition to a less gluon- dominated regime.” : T.Renk, arXiv:1204.5572

3.3 The dependence of dijet momentum imbalance on the pT of the leading jet 11

main contributions to the systematic uncertainty in pT,2/pT,1 are the uncertainties in the pT-
dependent residual energy scale and the effects of the underlying event on the jet energy res-
olution. Earlier studies of jet-track correlations [9] have shown that the energy composition of
the quenched jets was not significantly different, which puts a constraint on the energy scale
uncertainty. The uncertainty on the energy scale is derived from three sources: the uncertainty
evaluated in the pp studies [25], the energy scale difference in pp data and MC, and the en-
ergy scale and its parton type dependence [22] in simulations of PbPb events (see Section 2.5).
These contributions are added in quadrature to assign the total uncertainty on the jet energy
scale. Using this value as a boundary, the uncertainty in the pT,2/pT,1 results is then estimated
by varying the jet response at low pT and at high pT independently. The uncertainty on the
underlying event effects is estimated from the full difference between pp and PYTHIA+HYDJET.
These effects add up to 6% in the most central events. For the low leading-jet pT bins, jet recon-
struction efficiency also introduces a minor uncertainty on the order of 1%. Uncertainties due
to additional misreconstructed jets, calorimeter noise, and the track requirement are negligible
compared to the dominating sources of uncertainty. For the centrality bins of 50–100%, 20–50%
and 0–20%, the sources of systematic uncertainty are summarized in Table 2.
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Figure 6: Average dijet momentum ratio pT,2/pT,1 as a function of leading jet pT for three bins
of collision centrality, from peripheral to central collisions, corresponding to selections of 50–
100%, 30–50% and 0–20% of the total inelastic cross section. Results for PbPb data are shown
as points with vertical bars and brackets indicating the statistical and systematic uncertainties,
respectively. Results for PYTHIA+HYDJET are shown as squares. In the 50–100% centrality bin,
results are also compared with pp data, which is shown as the open circles. The difference
between the PbPb measurement and the PYTHIA+HYDJET expectations is shown in the bottom
panels.

As shown in Fig. 6, both the PbPb data and the PYTHIA+HYDJET samples reveal an increasing
trend for the mean value of the jet transverse momentum ratio, as a function of the leading jet
pT,1. This can be understood by the reduction in the effects of jet splitting and energy resolu-
tion as one goes to higher jet momenta. However, the central PbPb data points lie consistently
below the PYTHIA+HYDJET trend. The difference between the pp data and the PYTHIA+HYDJET
reference is of the order of the systematic uncertainty of the measurement, whereas the differ-
ence between PbPb data and the reference is more than twice larger. This difference is related
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not constitute the full picture. There are genuine photon+jet events which do not contribute to
the hxJgi distribution because the associated jet falls below the pJet

T > 30 GeV/c threshold. To
quantify this effect, Fig. 4(b) shows RJg, the fraction of isolated photons that have an associated
jet passing the analysis selection. The value of RJg is found to decrease, from RJg = 0.685 ±
0.008(stat.)–0.698± 0.006(stat.) for the PYTHIA + HYDJET reference, as well as pp and peripheral
PbPb data, to the significantly lower RJg = 0.49 ± 0.03(stat.) ± 0.02(syst.)–0.54 ± 0.05(stat.) ±
0.02(syst.) for the three PbPb bins above 50% centrality.

An analysis with a lower pT cutoff on the associated jet energy would result in values of RJg

closer to unity. This would shift the cutoff at low xJg in Fig. 3 closer to zero. It is likely, although
not certain, that these additional events would result in a larger deviation in xJg between the
PbPb data and the reference shown in Fig. 4(a).

3.4 Systematic uncertainties

Photon purity, reconstruction efficiency, and isolation, as well as the contamination from e± and
fake jets contribute to the systematic uncertainties of the photon+jet azimuthal correlation and
the observables related to momentum asymmetry, hxJgi and RJg. Additionally, the momentum
asymmetry observables are also influenced by the relative photon and jet energy calibrations.
For the measurement of s(Df), the uncertainty due to the photon angular resolution is negli-
gible, less than 10�5.
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Figure 4: (a) Average ratio of jet transverse momentum to photon transverse momentum,
hxJgi, as a function of Npart. The empty box at the far right indicates the correlated systematic
uncertainty. (b) Average fraction of isolated photons with an associated jet above 30 GeV/c,
RJg, as a function of Npart. In both panels, the yellow boxes indicate point-to-point systematic
uncertainties and the error bars denote the statistical uncertainty.

The uncertainty in the relative photon+jet energy scale consists of four main contributions. The
first one comes from the 2% relative uncertainty of the jet energy scale in the barrel for 30 <
pJet

T < 200 GeV/c, when compared with the ECAL energy scale [30]. The second contribution
is the residual data-to-MC energy scale difference in pp collisions, which is not corrected for in
this analysis, for which we quote the 2% maximum relative uncertainty which applies in the
range |hJet| < 1.6. Thirdly, the additional uncertainty for the jet energy scale in the presence
of the UE is determined to be 3% for the 30 to 100% and 4% for the 0 to 30% centrality range,

Gunther Roland Wayne State August 2012

Angular decorrelation?

51

pTγ>60 GeV
pTJet>30 GeV

Large quenching effects
seen in direct photon
measurements
(Consistent with jets measurements?
Quark vs. gluon energy loss?) 

No angular de-correlation
(also seen in di-jets @RHIC)
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Figure 5: Ratios of D(z) for six bins in collision centrality to those in peripheral (60-80%) collisions,
D(z)|cent/D(z)|60�80, for R = 0.4 jets. The error bars on the data points indicate statistical uncertainties
while the shaded bands indicate systematic uncertainties that are uncorrelated or partially correlated
between points. The solid lines indicate systematic uncertainties that are 100% correlated between points.

relative to that in the 60-80% centrality bin by 25% while the yield at z = 0.1 is suppressed by about 15%.
The size of the observed modifications decreases gradually with centrality between central and peripheral
collisions. The systematic uncertainties on RD(z) grow as z ! 1 due to the statistical fluctuations on the
Dsub(z) distributions at large z and due to the sensitivity of the steeply falling D(z) distributions to JER
systematic uncertainties. However, the results in Fig. 5 exclude any significant modification of the D(z)
distributions at large z.

To demonstrate that the modifications observed in Fig. 5 do not result from characteristics of the jet
performance, Fig. 6 shows ratios of R = 0.4 D(pT) distributions from non-peripheral centrality bins to
those in the peripheral, 60-80% centrality bin. The ratios in the figure show the same features as the
D(z) ratios, namely an enhancement at low z and a suppression at intermediate z. The magnitudes of
the enhancement seen at low z or pT and the suppression seen at intermediate z are consistent within
uncertainties between the D(z) and D(pT) ratios.

To demonstrate that the centrality-dependent modifications observed in D(z) and D(pT) do not result
from unknown UE e↵ects not included in the systematic uncertainties, Fig. 7 shows ratios of D(z) and
D(pT) distributions between central (0-10%) and peripheral (60-80%) collisions for R = 0.2 and R = 0.3
jets. The fluctuations in the UE are a factor of approximately two (30%) smaller for R = 0.2 (R = 0.3)
jets than they are for R = 0.4 jets. Nonetheless, the features seen in the R = 0.4 D(z) or D(pT) ratios are
also present in the R = 0.2 and R = 0.3 ratios with the same magnitudes, both for the low-z enhancement
and the reduction at intermediate z.

12
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Figure 5: Ratios of D(z) for six bins in collision centrality to those in peripheral (60-80%) collisions,
D(z)|cent/D(z)|60�80, for R = 0.4 jets. The error bars on the data points indicate statistical uncertainties
while the shaded bands indicate systematic uncertainties that are uncorrelated or partially correlated
between points. The solid lines indicate systematic uncertainties that are 100% correlated between points.

relative to that in the 60-80% centrality bin by 25% while the yield at z = 0.1 is suppressed by about 15%.
The size of the observed modifications decreases gradually with centrality between central and peripheral
collisions. The systematic uncertainties on RD(z) grow as z ! 1 due to the statistical fluctuations on the
Dsub(z) distributions at large z and due to the sensitivity of the steeply falling D(z) distributions to JER
systematic uncertainties. However, the results in Fig. 5 exclude any significant modification of the D(z)
distributions at large z.

To demonstrate that the modifications observed in Fig. 5 do not result from characteristics of the jet
performance, Fig. 6 shows ratios of R = 0.4 D(pT) distributions from non-peripheral centrality bins to
those in the peripheral, 60-80% centrality bin. The ratios in the figure show the same features as the
D(z) ratios, namely an enhancement at low z and a suppression at intermediate z. The magnitudes of
the enhancement seen at low z or pT and the suppression seen at intermediate z are consistent within
uncertainties between the D(z) and D(pT) ratios.

To demonstrate that the centrality-dependent modifications observed in D(z) and D(pT) do not result
from unknown UE e↵ects not included in the systematic uncertainties, Fig. 7 shows ratios of D(z) and
D(pT) distributions between central (0-10%) and peripheral (60-80%) collisions for R = 0.2 and R = 0.3
jets. The fluctuations in the UE are a factor of approximately two (30%) smaller for R = 0.2 (R = 0.3)
jets than they are for R = 0.4 jets. Nonetheless, the features seen in the R = 0.4 D(z) or D(pT) ratios are
also present in the R = 0.2 and R = 0.3 ratios with the same magnitudes, both for the low-z enhancement
and the reduction at intermediate z.
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FIG. 4: (color online) Upper panels: trigger-normalized
charged hadron fragmentation function D(zT ) with 8 <

ptrig
T

< 15 GeV/c, for near- (left) and away-side (right) corre-
lations in d+Au and Au+Au collisions at

√

sNN=200 GeV.
Dashed and solid lines described in text. Horizontal bars
on away-side show systematic uncertainty due to background
subtraction. Lower panels: ratio of D(zT ) for Au+Au relative
to d+Au. The error bars are statistical in all panels.

distributions (left panels) are similar over a broad range
of zT for all three systems, consistent with fragmentation
in vacuum.

The similarity of the near-side fragmentation patterns
could arise from small near-side energy loss due to a ge-
ometrical bias toward shorter in-medium path lengths
(“surface bias”), as generated in several model calcula-
tions [23, 24, 25, 26]. However, this similarity could also
result from energy-independent energy loss generating a
partonic energy distribution that is suppressed in Au+Au
but similar in shape to that in p+p collisions, with the
lost energy carried dominantly by low pT hadrons. A
leading-twist calculation of medium-modified dihadron
fragmentation functions in similar ptrig

T and passoc
T inter-

vals to those studied here [27] predicts a strong increase
in near-side associated yield for more central collisions,
though no such increase is observed in Figs. 3 and 4.

The lower right panel of Figure 4 shows the ratio of
away-side D(zT ) for 0-5% and 20-40% Au+Au relative
to d+Au. The ratio is approximately independent of zT

for zT > 0.4, with yield suppressed by a factor 0.25±0.06
for 0-5% Au+Au and 0.57±0.06 for 20-40% Au+Au col-
lisions. The away-side suppression for central collisions
has similar magnitude to that for inclusive spectra [10],
though such similarity is not expected a priori due to
the different nature of the observable. A model calcula-

tion based on BDMPS energy loss predicts a universal
ratio between away-side and inclusive suppression, with
the away-side yield more suppressed [26].

The solid line in Figure 4, upper right panel, is an ex-
ponential function fit to the d+Au distribution, with the
dashed lines having the same exponential slope but mag-
nitude scaled by factors 0.57 and 0.25. This illustrates
the similarity in shape of D(zT ) for different systems.
As discussed for Figure 2, the width of the away-side az-
imuthal distribution for high pT pairs is also independent
of centrality. To summarize our observations: strong
away-side high pT hadron suppression is not accompa-
nied by significant angular broadening or modification of
the momentum distribution for zT > 0.4.

A calculation incorporating partonic energy loss
through modification of the fragmentation function [22]
predicts the away-side trigger-normalized fragmentation
function to be suppressed uniformly for zT > 0.4 in cen-
tral Au+Au relative to p+p collisions, in agreement with
our measurement. However, the predicted magnitude of
the suppression is ∼ 0.4, weaker than the measured value
0.25 ± 0.06.

Energy loss in matter could be accompanied by
away-side azimuthal broadening, due either to medium-
induced acoplanarity of the parent parton [28] or to dom-
inance of the away-side yield by medium-induced gluon
radiation at large angle. An opacity expansion calcula-
tion [29] predicts that the away-side yield for large energy
loss is dominated by fragments of the induced radiation,
with a strongly broadened azimuthal distribution up to
pT ∼ 10 GeV/c. No azimuthal broadening of the away-
side parent parton is predicted, though its fragments are
obscured by the greater hadron yield from induced ra-
diation. In contrast, we observe strong away-side sup-
pression without large azimuthal broadening. However,
measurements at passoc

T < 1 GeV/c do show an enhance-
ment of the yield and significant azimuthal broadening
of the away-side peak [15].

Large energy loss is thought to bias the jet popula-
tion generating the high pT inclusive hadron distribution
towards jets produced near the surface and directed out-
ward [23, 24, 25, 26], which minimizes the path length
in the medium. For back-to-back dihadrons the total
in-medium path length is minimized by a different geo-
metric bias, towards jets produced near the surface but
directed tangentially. A model calculation [30] incorpo-
rating quenching weights finds dihadron production dom-
inated by such tangential pairs, with yield suppression
consistent with our measurements. Another calculation
based on quenching weights, which explicitly takes into
account the dynamical expansion of the medium [31], also
reproduces the measured suppression but finds a signif-
icant contribution from non-tangential jet pairs, due to
the finite probability to emit zero medium-induced gluons
in finite path length [22, 32] and to the rapid expansion
and dilution of the medium. In this model, the rela-

RHIC: Suppression at high di-hadron zT
Caveat: Not apple to apple comparison!
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Figure 4: Differential jet shapes are presented for different centrality bins for pjet
T > 100 GeV

with track pT > 1 GeV/c in PbPb collisions (top panels). The background is subtracted by h

reflection. The bottom panels show the ratio of differential jet shape from different centrality
bins to the most peripheral one (50%-100%). The blue band shows the total systematic while
the error bars indicate the statistical errors.
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9. Results

Figure 5 shows the R

CP

values obtained for
R = 0.2 and R = 0.4 jets as a function of p

T

in
four bins of collision centrality with three di↵erent
error contributions: statistical uncertainties, par-
tially correlated systematic uncertainties, and fully
correlated uncertainties. The R

CP

values for all
centralities and for both jet radii are observed to
have at most a weak variation with p

T

. For the
0–10% centrality bin the R

CP

values for both jet
radii show a factor of about two suppression in the
1/N

coll

-scaled jet yield. For more peripheral colli-
sions, R

CP

increases at all jet p
T

relative to central
collisions, with the R

CP

values reaching 0.9 for the
50–60% centrality bin. A more detailed evaluation
of the centrality dependence of R

CP

for R = 0.4 jets
is presented in Fig. 6, which shows R

CP

vs N
part

for
six jet p

T

bins. R

CP

decreases monotonically with
increasing N

part

for all p
T

bins. The lower p
T

bins,
for which the data are more statistically precise,
show a variation of R

CP

with N

part

that is most
rapid at low N

part

. Trends similar to those shown
in Figs. 5 and 6 are observed for all jet radii.

The dependence of R
CP

on jet radius is shown in
Fig. 7 for the 0–10% centrality bin in four jet p

T

in-
tervals (left) and for di↵erent centrality bins in the
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, and e�ciency, which are only partially
correlated between points. All other systematic er-
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Jet broadening at the LHC:
Seen in differential jet shape and R dependence of jet RCP 
(especially at lower jet pT)
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9. Results

Figure 5 shows the R

CP

values obtained for
R = 0.2 and R = 0.4 jets as a function of p

T

in
four bins of collision centrality with three di↵erent
error contributions: statistical uncertainties, par-
tially correlated systematic uncertainties, and fully
correlated uncertainties. The R

CP

values for all
centralities and for both jet radii are observed to
have at most a weak variation with p

T

. For the
0–10% centrality bin the R

CP

values for both jet
radii show a factor of about two suppression in the
1/N

coll

-scaled jet yield. For more peripheral colli-
sions, R

CP

increases at all jet p
T

relative to central
collisions, with the R

CP

values reaching 0.9 for the
50–60% centrality bin. A more detailed evaluation
of the centrality dependence of R

CP

for R = 0.4 jets
is presented in Fig. 6, which shows R

CP

vs N
part

for
six jet p

T

bins. R

CP

decreases monotonically with
increasing N

part

for all p
T

bins. The lower p
T

bins,
for which the data are more statistically precise,
show a variation of R

CP

with N

part

that is most
rapid at low N

part

. Trends similar to those shown
in Figs. 5 and 6 are observed for all jet radii.

The dependence of R
CP

on jet radius is shown in
Fig. 7 for the 0–10% centrality bin in four jet p

T

in-
tervals (left) and for di↵erent centrality bins in the
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Jet broadening at the LHC:
Seen in differential jet shape and R dependence of jet RCP 
(especially at lower jet pT)
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Where does the lost energy go? Missing pT||

11

The momentum difference in the di-jet is balanced by low pT 
particles at large angles relative to the away side jet axis

Text

Christof Roland 20 Quark Matter 2011, Annecy
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arXiv:1102.1957 [nucl-ex]
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RHIC: Direct Photon - Hadron Correlations
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RHIC: Jet-Hadron Correlations
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patterns, then D
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= 0 for all passoc
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. Deviations from
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AA

= 0 are indicative of jet modification.
In order to make meaningful quantitative comparisons

between jets in Au+Au and p+p, it is necessary to com-
pare jets with similar energies in the two collision sys-
tems. While the reconstructed jet p

T

is not directly
related to the original parton energy (especially in this
analysis because pjet,rec
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is calculated only from tracks and
towers with p

T

> 2 GeV/c), jets in Au+Au with a given
pjet,rec,Au+Au

T

are matched to similar p+p jets using the
following procedure: The e↵ect of the background associ-
ated with heavy-ion collisions on the trigger jet energy is
assessed through embedding p+p HT events in Au+Au
minimum bias (MB) events (with the same centrality and
high-multiplicity bias as the Au+Au HT events). Under
the assumption that Au+Au HT trigger jets are simi-
lar to p+p HT trigger jets in a Au+Au collision back-
ground, the correspondence between the p+p jet energy
(pjet,rec,p+p

T

) and the Au+Au jet energy (pjet,rec,p+p emb

T

'
pjet,rec,Au+Au
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) can be determined through this embed-

ding. Figure 1 compares the pjet,rec,p+p emb
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to the pjet,rec,Au+Au

T

spectrum measured in Au+Au HT

events. For a given range in pjet,rec,p+p
T

the correspond-

ing pjet,rec,Au+Au

T

distribution is obtained. When compar-
ing Au+Au jets to equivalent p+p jets in this analysis,
the Au+Au signal is weighted according to this distribu-
tion. This procedure largely accounts for the e↵ects of
background fluctuations in Au+Au events; the possibil-
ity of additional discrepancies between the reconstructed
jet energies in Au+Au and p+p will be included within
systematic uncertainties described below.

The performance of the TPC and BEMC can vary in
di↵erent collision systems and over time. These varia-
tions are accounted for in the relative tracking e�ciency
between Au+Au and p+p (90%±7% for p

T

> 2 GeV/c),
the relative tower e�ciency (98%± 2%), and the relative
tower energy scale (100%± 2%). These variations in de-
tector performance were included, and their systematic
uncertainties were assessed, in the p+p HT ⌦ Au+Au
MB embedding. The e↵ects of the relative tracking e�-
ciency uncertainty and the tower energy scale uncertainty
on the pjet,rec

T

spectrum are shown in Fig. 1(b). The
embedding also accounted for jet v

2

and its associated
uncertainty (discussed later) by weighting the distribu-
tion of the p+p HT jets with respect to the event planes
of the Au+Au MB events; di↵erent hadronic correction
schemes were also investigated. The e↵ects of the tower
e�ciency and jet v

2

on the jet energy scale are found to
be negligible, as is the e↵ect of the hadronic correction
scheme on the final results.

In order to analyze the jet correlation signal in Au+Au
collisions it is necessary to subtract the large combina-
toric background in heavy-ion collisions. The background
levels are estimated by fitting the functional form in (1)

Trigger Jet: R=0.4, pT,cut=2 GeV/c and EMCal Tower>6 GeV

Energy difference: AuAu-pp

Quenched energy at high pT balanced by low pT enhancement 
Consistent picture between γdirect/jet-hadron correlations @ RHIC!

Hint of Jet Broadening at low pT (large uncertainties due to potential jet v2/v3)
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distribution is obtained. When compar-
ing Au+Au jets to equivalent p+p jets in this analysis,
the Au+Au signal is weighted according to this distribu-
tion. This procedure largely accounts for the e↵ects of
background fluctuations in Au+Au events; the possibil-
ity of additional discrepancies between the reconstructed
jet energies in Au+Au and p+p will be included within
systematic uncertainties described below.

The performance of the TPC and BEMC can vary in
di↵erent collision systems and over time. These varia-
tions are accounted for in the relative tracking e�ciency
between Au+Au and p+p (90%±7% for p

T

> 2 GeV/c),
the relative tower e�ciency (98%± 2%), and the relative
tower energy scale (100%± 2%). These variations in de-
tector performance were included, and their systematic
uncertainties were assessed, in the p+p HT ⌦ Au+Au
MB embedding. The e↵ects of the relative tracking e�-
ciency uncertainty and the tower energy scale uncertainty
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spectrum are shown in Fig. 1(b). The
embedding also accounted for jet v
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and its associated
uncertainty (discussed later) by weighting the distribu-
tion of the p+p HT jets with respect to the event planes
of the Au+Au MB events; di↵erent hadronic correction
schemes were also investigated. The e↵ects of the tower
e�ciency and jet v

2

on the jet energy scale are found to
be negligible, as is the e↵ect of the hadronic correction
scheme on the final results.

In order to analyze the jet correlation signal in Au+Au
collisions it is necessary to subtract the large combina-
toric background in heavy-ion collisions. The background
levels are estimated by fitting the functional form in (1)

Gunther Roland Wayne State August 2012

Fragmentation function comparison

44

Note: Only one set of syst. uncertainties shown: Good agreement
Depletion from 3-4GeV to 40-50GeV (2-3% of total jet energy)
Enhancement below 3-4GeV (~ 2% of jet energy)

Trigger Jet: R=0.4, pT,cut=2 GeV/c and EMCal Tower>6 GeV

Energy difference: AuAu-pp

Quenched energy at high pT balanced by low pT enhancement 
Consistent picture between γdirect/jet-hadron correlations @ RHIC!

Hint of Jet Broadening at low pT (large uncertainties due to potential jet v2/v3)

pT scale of low pT enhancement: ~2 GeV RHIC, 3-4 GeV LHC
Caveat: RHIC measurement: Statistical. Need per jet quantities (Aj, FF) to allow one-to-one comparison to LHC.
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Consistency or a way too simplistic explanation?
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We heard about this in more detail in A Majumder’s talk today.

tmax(LHC)=6fm
tmax(RHIC)=4fm

Integrated
energy loss 
(in a brick)

LHC larger energy loss at early times → diffusion in medium → larger angles

RHIC smaller energy loss at early times→ less diffusion in the medium 
→ closer to jet axis → can qualitatively explain the differences RHIC/LHC (!?)

Easier to study details of soft gluon radiation at RHIC!?
Caveat: Realistic calculation needed? Can current MC models explain RHIC and LHC at the same time? 
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Biases are not always bad ...
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FIG. 11: Conditional distribution of away side parton mo-
menta given a triggered jet assuming the kinematical condi-
tions at RHIC vs. LHC.

VII. CONCLUSIONS

On the conceptual side, jet-h correlations offer a num-
ber of advantages. The use of a jet trigger as compared to
a hadron or even γ trigger allows experiments to collect
much higher statistics since the rate of jets into a given
PT range is higher than the rate of hadrons or photons,
and this in turn allows differential studies of the away
side. At least for RHIC kinematics, there is a reasonably
good correlation between jet trigger energy range and the
underlying parton energy range which is probed, however
this is no longer the case at LHC — here presumably γ-h
correlations are needed to constrain parton kinematics.
At the same time, jet triggers appear very versatile

tools which can be engineered to lead to a certain geo-
metrical bias by a suitable choice of the jet constituent
PT cut. In simulations, both an almost unbiased distri-
bution and a distribution biased beyond what is seen for
hadron triggered events could be achieved.
Measuring the correlation of hadrons on the away side

allows to probe the longitudinal and transverse single
particle distributions of jet constituents down to very
low PT and out to large angles, which is a particular
advantage for tracing the medium-induced modification
to jet structure. In this, a correlation measurement is
superior to jet finding on the away side, as jet finding in
an A-A environment is limited in its ability to reach to
large angles and low PT . In principle, in order to access
the medium-modification of intra-jet correlations and to

probe physics like a modified subjet structure or modifi-
cations of angular ordering [37], correlations of a trigger
with two away side particles can be used.
On the physics side, the longitudinal and transverse jet

structure of modified jets as measured by DAA(PT ) and
the angular Gaussian width is well described by YaJEM-
DE except in the very low PT region where the physics
is not dominated by pQCD and the model is expected to
fail. Thus, the observed jet modification is well in line
with the general idea that the medium opens additional
kinematical phase space for radiation, the induced soft
radiation is rapidly decorrelated by subsequent interac-
tions with the medium while a small part of the energy
lost from hard partons directly excites medium degrees
of freedom. The combination of these mechanisms leads
to apparently unmodified but rate-suppressed jets above
a scale of ∼ 3 GeV and a wide-angle, soft plateau-like
structure below this scale.
Of particular interest for determining the precise na-

ture of the interaction of hard partons with the bulk
medium is the origin of the scale Pmed ≈ 3 GeV. It
is certainly consistent with a back-of-the-envelope esti-
mate that the scale is given by the typical accumulated
medium momentum probed during subsequent interac-
tions Pmed = L/λ〈P 〉. Choosing a typical length L = 5
fm, a mean-free path λ = 1 fm and for the typical mo-
mentum scale in the medium 〈P 〉 = 3T with the medium
temperature T = 200 MeV leads to Pmed ≈ 3 GeV. How-
ever, in this case it would be very interesting to demon-
strate the change of the scale by experimentally vary-
ing temperature (e.g. by comparing RHIC and LHC)
or by varying mean free path. An alternative position is
that Pmed is set by strong coupling physics not accessible
via pQCD arguments. Future reaction plane differential
measurements of jet-h correlations at RHIC and LHC
might be a suitable way to distinguish these scenarios
and to establish in detail what aspects of jet physics are
governed by pQCD and what aspects by strong coupling
QCD.
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superior to jet finding on the away side, as jet finding in
an A-A environment is limited in its ability to reach to
large angles and low PT . In principle, in order to access
the medium-modification of intra-jet correlations and to
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cations of angular ordering [37], correlations of a trigger
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structure of modified jets as measured by DAA(PT ) and
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is not dominated by pQCD and the model is expected to
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kinematical phase space for radiation, the induced soft
radiation is rapidly decorrelated by subsequent interac-
tions with the medium while a small part of the energy
lost from hard partons directly excites medium degrees
of freedom. The combination of these mechanisms leads
to apparently unmodified but rate-suppressed jets above
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structure below this scale.
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medium is the origin of the scale Pmed ≈ 3 GeV. It
is certainly consistent with a back-of-the-envelope esti-
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mentum scale in the medium 〈P 〉 = 3T with the medium
temperature T = 200 MeV leads to Pmed ≈ 3 GeV. How-
ever, in this case it would be very interesting to demon-
strate the change of the scale by experimentally vary-
ing temperature (e.g. by comparing RHIC and LHC)
or by varying mean free path. An alternative position is
that Pmed is set by strong coupling physics not accessible
via pQCD arguments. Future reaction plane differential
measurements of jet-h correlations at RHIC and LHC
might be a suitable way to distinguish these scenarios
and to establish in detail what aspects of jet physics are
governed by pQCD and what aspects by strong coupling
QCD.
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FIG. 9: Comparison of the probability density of a vertex
in the transverse (x, y) plane to fulfill a 10-15 GeV trigger
condition in 0-10% central 200 AGeV Au-Au collisions for an
ideal jet trigger (see text). The trigger parton moves into the
−x direction.

B. The role of the pQCD parton spectrum

A cornerstone of several arguments presented above
was the fact that for a steeply falling parton spectrum
fragmentation is strongly forced to be hard and collinear
by imposing a trigger condition, as the situation that a
rare hard parton undergoes soft fragmentation is very
suppressed. One of the consequences is a relatively good
correlation between trigger momentum range and actual
away side parton energy distribution.

However, when going to higher
√
s where the spectral
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FIG. 10: Conditional distribution of away side parton mo-
menta given a triggered jet for the STAR jet definition and
for an ideal jet with R = 0.4 (see text).

shape flattens, this argument applies increasingly less.
In order to illustrate the importance of this effect in iso-
lation, we compare the simulation for RHIC conditions
with a situation in which only the parton spectrum is
computed for LHC conditions, everything else is kept
fixed (in reality, also intrinsic kT and most important
the medium density is expected to change).

One can easily see that the qualitative argument given
above is correct — the correlation between trigger mo-
mentum range and away side parton momentum weak-
ens significantly, and a long tail of high PT partons con-
tributes to the away side yield, complicating the interpre-
tation of any away side measurement which represents
then an average over a wide momentum range. From
this perspective, the steeply falling parton spectrum at
RHIC constitutes actually an advantage over LHC kine-
matic conditions.

6

FIG. 1: Comparison of the probability density of a vertex in the transverse (x, y) plane to fulfill a 10-15 GeV trigger condition
in 0-10% central 200 AGeV Au-Au collisions. Left panel for a jet trigger as used by STAR (see text), right panel for comparison
for a single charged hadron trigger). In all cases, the trigger parton moves into the −x direction.
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FIG. 2: Relative fraction of the total jet energy in a cone
of R = 0.4 recovered as a function of constituent PT cut for
vacuum (black solid) and medium-modified jet (black dashed)
as well as energy difference between vacuum and medium jet
induced by the cut (red solid) for a 20 GeV quark (see text).

coming from a 20 GeV quark jet with the STAR PID cuts
applied is shown as a function of the constituent PT cut.
From the figure, it is evident that a large fraction of the
jet energy for this kinematics is carried by hadrons below
3 GeV even in vacuum, and that the distribution is even
softer in a medium-modified jet.
To study the effect of the PT cut on the jet rate sup-

pression in medium, the energy difference between vac-
uum and medium case (i.e. the medium-induced energy
radiated out of the jet definition) as a function of the PT

cut is shown where the energy of the in-medium jet has
been artificially normalized to the vacuum case at PT = 0
to eliminate the effect of the cone radius cut.

It is evident that the difference peaks at about 1.5 GeV,
i.e. applying a constituent cut of about 1.5 GeV makes
a jet maximally sensitive to the additional softening of
the fragmentation pattern in the medium and leads to
the most significant medium-induced suppression. For a
higher PT cut, both vacuum and medium case are very
much suppressed, but there is little additional medium
suppression. It is the fact that the 2 GeV cut applied by
STAR is very close to the optimal 1.5 GeV which makes
the resulting jet rate very sensitive to the effect of the
medium.

C. Kinematic bias

In order to discuss the kinematic bias, it is useful to
study the distribution of away side parton momenta given
a triggered object. In the absence of higher order QCD
effects, intrinsic kT , shower evolution and background
fluctuations in jet finding, the back-to-back partons are
expected to have the same energy, i.e. the distribution
should be a delta function at the trigger energy for van-
ishing trigger momentum bin width and smeared across
the trigger range with a weight given by the parton pro-
duction cross section as a function of momentum for any
realistic situation. As can be seen from Fig. 3, the actual
distribution when all these effects are taken into account
is a fairly broad Gaussian.
The probability of having a gluon jet on the near

or away side Pnear
glue , P away

glue along with the average mo-
menum on near and away side and the Gaussian width of
the away side momentum distribution as extracted from
Fig. 3 is shown in Tables I for a 10-15 GeV trigger range

Ideal

pTCut>2 GeV

Biases (pTCut, ...) can be used to change 
systematically the pathlength of the recoil jet

Biases (pTCut, ...) can be further utilized to favor gluon recoil jets
Caveat: Can only compare to MC models!
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γdirect-jet at the LHC (quark jet) compared 
to di-jets at RHIC (quark jets) @ 40-50 GeV

Caveat: To remove geometric biases one needs an unbiased jet measurement at RHIC!



What is the temperature dependence of the QGP? The Physics Case for sPHENIX
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Figure 1.6: (Left) q̂ as a function of T/Tc in the three scenarios as related with the weak-
coupling calculation. (Right) Different calculations for the scaling of q̂ under weak and strong
coupling assumptions.

in Figure 1.6 (left panel). The inset in Figure 1.6 shows a magnified view of the region219

around Tc and a significant local maximum in q̂ is observed in scenarios II and III.220

Figure 1.6 (right panel) shows that for the equivalence relation of Eqn. 1.1, all three221

scenarios have a result that differs significantly from the simple perturbative expectation222

of ↵sT3 [31]. Also shown in Figure 1.6 are the predicting temperature dependence of q̂223

in the strongly coupled AdS/CFT (supersymmetric Yang-Mills) case [19] and the Hard224

Thermal Loop (HTL) case [32].225

Since the expected scaling of q̂ with temperature is such a strong function of temperature,226

jet quenching measurements should be dominated by the earliest times and highest227

temperatures. In order to get sensitivity to the temperatures around 1–2 Tc, measurements228

at RHIC are needed as opposed to the LHC where larger initial temperatures are produced.229

In a recent paper [33], Liao and Shuryak use RHIC measurements of single hadron suppres-230

sion and azimuthal anisotropy to infer that “the jet quenching is a few times stronger near231

Tc relative to the quark-gluon plasma at T > Tc.” This enhancement of q̂ is shown in Fig-232

ure 1.6 (right panel) and is the result of color magnetic monopole excitations in the plasma233

near Tc. A more detailed discussion of constraints from current experimental measure-234

ments in given in Section 1.5. We note that enhancements in q̂ above the critical temperature235

may be a generic feature of many models, as illustrated by the three conjectured evolutions,236

and so underscore the need for detailed measurements of quark-gluon plasma properties237

near the transition temperature.238

All measurements in heavy ion collisions are the result of emitted particles integrated over239

1–8
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Why q-hat is important

7

Majumder, BM, Wang argued
that η/s and q are related at 
weak coupling in gauge theories
[PRL 99, 192301 (2007)]:

ˆ

η / s = const × T3 / q̂

At strong coupling, η/s saturates
at 1/4π, but q increases without 
limit. Unambiguous criterion for
weak vs. strong coupling?

ˆ

Collisional energy loss parameter e is sensitive to
mass m of scatterers, goes to zero in m →∞ limit,
unless scatterings centers have a dense spectrum
of excited states (think: atoms). Thus e is a probe
of medium structure at color screening scale.

ˆ

ˆ

Thursday, August 23, 12

for weak coupling (PRL 99, 192301, 2007)

Differential measurements of transport properties of the QGP:  
Temperature dependence of q (ê, η/s, ..) 
Sensitivity of q to 1-2 TC requires RHIC measurements for different 
colliding systems and smaller √s (LHC larger initial T)

We had talks this morning discussing this in more detail!
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The Physics Case for sPHENIX Current Jet Probe Measurements
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pQCD Scattering
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with size ~ µDebye

Strong Coupling
No Quasiparticles

 µDebye ! 0
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" ?

What scale sets this transition?

Scattering 
from Thermal 
Mass Gluons?

Figure 1.7: (Left) Diagram of quark exchanging a virtual gluon with an unknown object in
the QGP. This highlights the uncertainty for what sets the scale of the interaction and what
objects or quasiparticles are recoiling. (Right) Diagram as a function of the Q2 for the net
interaction of the parton with the medium and the range of possibilities for the recoil objects.

Why RHIC ! LHC
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B.M., NPA 855 (2011) 74

Tuesday, June 21, 2011
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T0 = 300 GeV

Parton ET = 30 GeV
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T0 = 390 GeV

Parton ET = 200 GeV

Figure 1.8: Jet virtuality evolution at RHIC (left) and LHC (right). Vacuum contributions
to virtuality (blue dashed lines) decrease with time and medium induced contributions
(red dashed lines) increase as the parton scatters in the medium. The total virtuality (blue
solid lines) is the quadrature sum of the two contributions. At RHIC the medium induced
virtuality dominates by 2.5 fm/c while at the LHC the medium term does not dominate until
4.5 fm/c. From Ref. [35].
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Jet Virtuality: Controls the Physics 
of Radiative Energy Loss

Scale matters
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Virtuality Q2 of the parton in the medium 
controls physics of radiative energy loss:  

Q2 (L) ≈ max q̂ L, E
L

⎛
⎝⎜

⎞
⎠⎟

medium vacuum

RHIC:  20 GeV parton, L = 3 fm

Virtuality of primary parton is 
medium influenced and small 
enough to “experience” the 
strongly coupled medium

LHC:  200 GeV parton, L = 3 fm

q̂ L ≈ 3.5 GeV2 < E
L
≈13 GeV2

Virtuality of primary parton is 
vacuum dominated and only 
its gluon cloud “experiences” 
the strongly coupled medium

Weak coupling scenario

q̂ L ≈1.5GeV2 ≈ E
L
≈1.5GeV2
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Virtuality Q2 of the parton in the medium 
controls physics of radiative energy loss:  
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q̂ L ≈ 3.5 GeV2 < E
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Virtuality of primary parton is 
vacuum dominated and only 
its gluon cloud “experiences” 
the strongly coupled medium

Weak coupling scenario

q̂ L ≈1.5GeV2 ≈ E
L
≈1.5GeV2

Thursday, August 23, 12

RHIC can explore the 
region between the weak 
and strong coupling limits!
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2 23. Passage of particles through matter

23.2. Ionization energy loss by heavy particles [4–1]

Moderately relativistic charged particles other than electrons lose energy in matter
primarily by ionization. The mean rate of energy loss (or stopping power) is given by
the Bethe-Bloch equation,

−dE

dx
= Kz2 Z

A

1
β2

[
1
2

ln
2mec2β2γ2Tmax

I2 − β2 − δ

2

]
. (23.1)

Here Tmax is the maximum kinetic energy which can be imparted to a free electron in a
single collision, and the other variables are defined in Table 23.1. The units are chosen so
that dx is measured in mass per unit area, e.g., in g cm−2.

In this form, the Bethe-Bloch equation describes the energy loss of pions in a material
such as copper to about 1% accuracy for energies between about 6 MeV and 6 GeV
(momenta between about 40 MeV/c and 6 GeV/c). At lower energies “C/Z” corrections
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Fig. 23.1: Stopping power (= 〈−dE/dx〉) for positive muons in copper as a function
of βγ = p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in
kinetic energy) [1]. Solid curves indicate the total stopping power. Data below the break at
βγ ≈ 0.1 are taken from ICRU 49 [2], and data at higher energies are from Ref. 1. Vertical
bands indicate boundaries between different approximations discussed in the text. The
short dotted lines labeled “µ− ” illustrate the “Barkas effect,” the dependence of stopping
power on projectile charge at very low energies [3].

April 17, 2001 08:58

At the LHC/at large jet energies, jet modification 
dominated by radiative energy loss

At lower jet energies balance/interplay between 
radiative energy and collisional energy loss 

RHIC and LHC combined will map out the stopping 
power −dE/dx of hot and dense QGP for colored patrons
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CNM Jet Baseline 16

The extended kinematic reach of reconstructed jets measures CNM 
effects out to much higher momenta.

Different sources of uncertainty between jets and π0.

We expect: the Cronin and EMC effects
Surprised by: large and rapid centrality dependence.
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See more: M. Wysocki (Plenary IC), B. Sahlmueller (Parallel 3D), D. Perepelitsa (Poster)

Enhancement of Jet RAA in peripheral d+Au collision?

Caveat: We saw yesterday (G. David) that 
centrality determination in d+Au is not trivial ...
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sPHENIX Data Rates 18

>30 GeV/c: 106 Jets

>20 GeV/c: 104 ɣdir

Huge rates allow differential 
measurements with geometry
(v2, v3, A+B, U+U, …)
and precise control measurements 
(d+Au & p+p).

Large coverage captures
80% of di-jets!

Annual statistical 
reach

See more: J. Haggerty (Parallel 6C)

Got sPHENIX? 17

sPHENIX Proposal: arXiv:1207.6378

Full Calorimetry
Large kinematic reach
(can be used to reduce current biases)

Precision Jet measurements 
with the flexibility of RHIC 
concerning collision energy 
and system sizes 

Can this be utilized to study pre-equilibrium effects?
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Summary

22

Consistent (qualitative) jet quenching 
picture at RHIC emerging: suppression 
at high z, enhancement at low z. Jet 
broadening has to be quantified.

Can current LHC and RHIC quenching 
measurements be explained in a 
consistent picture?

In many respects RHIC and LHC a 
complementary and an active jet 
program at RHIC is essential to further 
and quantify our understanding of 
partonic energy loss in the future!

2000

2002

2004

2006

2008

2010

2012

2014

2022

experimental techniques
developed

  5 suppression in hadron 

Full jet reconstruction 
measurements and comparison
to theory over a wide range of 
collision and jet energies

Precision RHIC data 
are essential

Important experimental and theoretical developments
Increasing precision
 of key observable

2000

2002

2004

2006

2008

2010

2012

2014

vn

Ridge and Mach-Cone structure
consistently explained by  
(initial state fluctuations)

  R  AA

LHC data: Increase of charged
hadron        at high momentum;
full jet measurements

  R  AA

Away-side disappearance 

d+Au “Null-Experiment”:
Jet-quenching unambiguously
a final-state/QGP effect

Strong modification of an 
away-side jet: “Mach-Cone” ? 

Near-side modification:
“The Ridge”

Feasibility measurements/studies
of full jet reconstruction at RHIC

Modification in jet fragmentation/
jet structures at the LHC (QM12)
suggests radiative energy loss
picture at high jet energies 
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Near Future: RJE(T)T ?

23

RJE(T)T=RHIC Jet Experiments (& Theory) Taskforce 

Can something like this be realized at RHIC? 
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What is the temperature dependence of the QGP? The Physics Case for sPHENIX

)
c

Temperature (T/T
0 0.5 1 1.5 2 2.5 3 3.5 4

/fm
)

2
 (G

eV
q

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

I

II

III

)cTemperature (T/T
0.6 0.8 1 1.2 1.4 1.6

/fm
)

2
 (G

eV
q

0.1

0.2

0.3

0.4

0.5

)
c

Temperature (T/T
0 0.5 1 1.5 2 2.5 3 3.5 4

/fm
)

2
 (G

eV
q

0

1

2

3

4

5

6

7

8

9

10 ]3 Tsα ∝ qpQCD [
]3 TSYMα ∝ qSYM [

 log(1/T)]3 Tsα ∝ qHTL [
/s)]η/(3=1.25 TqScenario I,II,III [

/s))]η/(3= (1.25 Tq 10 [×Scenario I, II 
 (a.u.) (Liao & Shuryak)Κ

I

II

III

Figure 1.6: (Left) q̂ as a function of T/Tc in the three scenarios as related with the weak-
coupling calculation. (Right) Different calculations for the scaling of q̂ under weak and strong
coupling assumptions.

in Figure 1.6 (left panel). The inset in Figure 1.6 shows a magnified view of the region219

around Tc and a significant local maximum in q̂ is observed in scenarios II and III.220

Figure 1.6 (right panel) shows that for the equivalence relation of Eqn. 1.1, all three221

scenarios have a result that differs significantly from the simple perturbative expectation222

of ↵sT3 [31]. Also shown in Figure 1.6 are the predicting temperature dependence of q̂223

in the strongly coupled AdS/CFT (supersymmetric Yang-Mills) case [19] and the Hard224

Thermal Loop (HTL) case [32].225

Since the expected scaling of q̂ with temperature is such a strong function of temperature,226

jet quenching measurements should be dominated by the earliest times and highest227

temperatures. In order to get sensitivity to the temperatures around 1–2 Tc, measurements228

at RHIC are needed as opposed to the LHC where larger initial temperatures are produced.229

In a recent paper [33], Liao and Shuryak use RHIC measurements of single hadron suppres-230

sion and azimuthal anisotropy to infer that “the jet quenching is a few times stronger near231

Tc relative to the quark-gluon plasma at T > Tc.” This enhancement of q̂ is shown in Fig-232

ure 1.6 (right panel) and is the result of color magnetic monopole excitations in the plasma233

near Tc. A more detailed discussion of constraints from current experimental measure-234

ments in given in Section 1.5. We note that enhancements in q̂ above the critical temperature235

may be a generic feature of many models, as illustrated by the three conjectured evolutions,236

and so underscore the need for detailed measurements of quark-gluon plasma properties237

near the transition temperature.238

All measurements in heavy ion collisions are the result of emitted particles integrated over239

1–8
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Temperature dependence of energy loss

26

Why q-hat is important

7

Majumder, BM, Wang argued
that η/s and q are related at 
weak coupling in gauge theories
[PRL 99, 192301 (2007)]:

ˆ

η / s = const × T3 / q̂

At strong coupling, η/s saturates
at 1/4π, but q increases without 
limit. Unambiguous criterion for
weak vs. strong coupling?

ˆ

Collisional energy loss parameter e is sensitive to
mass m of scatterers, goes to zero in m →∞ limit,
unless scatterings centers have a dense spectrum
of excited states (think: atoms). Thus e is a probe
of medium structure at color screening scale.

ˆ

ˆ

Thursday, August 23, 12

Why q-hat is important

7

Majumder, BM, Wang argued
that η/s and q are related at 
weak coupling in gauge theories
[PRL 99, 192301 (2007)]:

ˆ

η / s = const × T3 / q̂

At strong coupling, η/s saturates
at 1/4π, but q increases without 
limit. Unambiguous criterion for
weak vs. strong coupling?

ˆ

Collisional energy loss parameter e is sensitive to
mass m of scatterers, goes to zero in m →∞ limit,
unless scatterings centers have a dense spectrum
of excited states (think: atoms). Thus e is a probe
of medium structure at color screening scale.

ˆ

ˆ

Thursday, August 23, 12

The Physics Case for sPHENIX What is the temperature dependence of the QGP?
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Figure 1.5: (Left) Shear Viscosity divided by entropy density, ⌘/s, renormalized by the con-
jectured KSS bound as a function of the reduced temperature, T/Tc, with various calculations
for the quark-gluon plasma case. See text for discussion. (Right) Figure with three conjec-
tured scenarios for the quark-gluon plasma transitioning from the strongly coupled bound
(as a near perfect fluid) to the weakly coupled case.

imperative to map out this region in the ‘condensed matter’ physics of QCD and extract205

the underlying reason for the change.206

The above discussion has focused on ⌘/s as the measure of the coupling strength of the207

quark-gluon plasma. However, both ⌘/s and jet probe parameters such as q̂ and ê are208

sensitive to the underlying coupling of the matter, but in distinct ways. Establishing for209

example the behavior of q̂ around the critical temperature is therefore essential to a deep210

understanding of the quark-gluon plasma. Hydrodynamic modeling may eventually211

constrain ⌘/s(T) very precisely, though it will not provide an answer to the question of the212

microscopic origin of the strong coupling (something naturally available with jet probes).213

The authors of Ref [18] propose a test of the strong coupling hypothesis by measuring both
⌘/s and q̂. They derive a relation between the two quantities expected to hold in the weak
coupling limit.

q̂ S 1.25T3

⌘/s
(1.1)

The authors conclude that “an unambiguous determination of both sides of [the equation]214

from experimental data would thus permit a model independent, quantitative assessment215

of the strongly coupled nature of the quark-gluon plasma produced in heavy ion collisions.”216

For the three scenarios of ⌘/s(T) shown in Figure 1.5 (right panel), we calculate q̂ as a217

function of temperature assuming the equivalence case in Eqn. 1.1 and the result is shown218

1–7

for weak coupling (PRL 99, 192301, 2007)
η/s saturates in strong coupling, but energy loss increases w/o limit
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Where does the lost energy go? Missing pT||

27

Taken from C. Roland (CMS), QM11

Christof Roland 15 Quark Matter 2011, Annecy
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 Jet RAA in central Au+Au and Cu+Cu

STAR sees a substantial fraction of jets in Au+Au 
- in contrast to x5 suppression for light hadron RAA 
Strong suppression (similar to single particle) 
in Cu+Cu measured by PHENIX
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(Yue Shi Lai, for the PHENIX Collaboration) RHIC/AGS Users’ Meeting, Workshop 6 20 / 30
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Recoil jet spectrum RAA
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• Selecting biased trigger jet maximizes pathlength for the 
back-to-back jets: extreme selection of jet population
• Significant suppression in di-jet coincidence measurements!

Recoil	  jet

Trigger	  jet

STAR Preliminary

E. Bruna QM2009


